Introduction
Significant research has been conducted advancing the accurate and sensitive detection of explosives, most frequently common military-grade nitrated organic explosives, including nitramines, nitroaromatics, and nitrate esters such as cyclotrimethylenetrinitramine (RDX), trinitrotoluene (TNT), and pentaerythritol tetranitrate (PETN). These explosives have been detected using a range of analytical techniques, including ion chromatography (IC) [1, 2] , capillary electrophoresis (CE) [3, 4] , high performance liquid chromatography (HPLC) [5] , and most notably, ion mobility spectrometry (IMS) [6e13] and mass spectrometry (MS) [14e22] . The rapid analysis times and cost effectiveness of these field compatible instruments have led to widespread deployment of ion mobility spectrometry. Nevertheless, developments in ambient and atmospheric pressure ionization mass spectrometry have provided selective and sensitive alternatives, including a range of analyte ionization techniques requiring no or minimal sample preparation such as desorption electrospray ionization (DESI) [23] and direct analysis in real time (DART) [24] . A number of reviews and books provide extensive details on the many ambient ionization techniques and specifics of explosives detection [25e30] .
The threats posed by homemade and improvised explosive devices (HMEs/IEDs) continue to increase, necessitating the growth of techniques for the trace detection of their widely varying signatures. These HMEs and IED components include unstable primary explosives (e.g., peroxides [31e34], azides, and fulminates), fuel-oxidizer and self-initiating mixtures, nitrated sugar alcohols, and radiological dispersion devices (RDDs) [34e37] . In the present work, we focus on the detection of inorganic explosives and components, a rising area of research. Fuel-oxidizer mixtures may contain both organic (e.g., fuel-oil, sugar, or nitromethane) and inorganic (e.g., potassium chlorate, ammonium nitrate, or aluminum) components. Evans-Nguyen et al. [35] and Forbes and Sisco [34] recently demonstrated enhanced detection of elemental inorganic components of explosives/explosive devices using in-source collision induced dissociation (CID) combined with liquid based ambient ionization sources, transmission mode desorption electrospray ionization (TM-DESI) and desorption electro-flow focusing ionization (DEFFI). The incorporation of in-source CID led to 10-folde100-fold improvements in detection of elemental inorganic ions by increasing fragmentation of adducts and clusters formed by inorganic compounds and decreasing chemical noise from organic compounds [34, 35, 38] . In addition, tuning of in-source CID has enabled control over charge reduction from the doubly charged to singly charged cations of alkaline earth metal ions [38] . These previous studies utilized liquid-based ion sources and focused on how in-source CID affected the response of organic explosives and inorganic elemental components of explosives and explosive devices. The detection of inorganic particles was demonstrated by incorporating a 5% nitric acid aqueous solution. However, to circumvent the need for nitric acid, we present an investigation of laser-based desorption and ionization of inorganic particles and residues. Here, we investigate the effects of in-source CID on the detection of inorganic explosives, both elemental and molecular, highlighting inorganic oxidizers.
The analytical performance and detection optimization for inorganic explosives (e.g., fuel-oxidizer mixtures) using in-source CID is presented. CID was investigated using a laser desorption/ ionization mass spectrometry (LDI-MS) system. The integration of elevated in-source CID potentials led to increased ion acceleration and collisions with atmospheric gas molecules, relative to typical CID (declustering) potentials, in the mass spectrometer inlet region. These more frequent and higher energy collisions led to fragmentation of inorganic adducts and clusters. The characteristic in-source CID response for inorganic ions was dependent on the ion composition (e.g., elemental: K þ vs mo- , depending on the experiment) were spotted onto the patterned LDI substrates (PSU0106000: mFocus MALDI Plate). Direct detection and chemical imaging of complex matrices were conducted from latent fingerprints deposited by an anonymous volunteer directly onto a blank LDI substrate (PSG0103000: NonFocus HST Array for Imaging). Latent fingerprints were collected per NIST Institutional Review Board Case 407 protocol and no volunteers handled or were exposed to exogenous inorganic chemicals. Fingerprint deposition and collection was followed by the dry transfer of particles of relevant inorganic oxidizer onto the latent fingerprint. Explosive residues generated during a homemade material synthesis of a simulated explosive device were collected on adhesive sheets (samples provided by Signature Science, Charlottesville, VA). Three individual samples were collected from a fueloxidizer mixture synthesis containing potassium perchlorate and icing sugar. Each 15 mm Â 20 mm sample section of the adhesive sheet, containing collected inorganic and organic compounds, was placed into a 5 mL vial and extracted into 2 mL of water, mixed for 10 min on a rotating mixer at 20 rpm, and then vortexed for 60 s. Standards for linear least squares calibration were prepared gravimetrically using milligram quantities of crystalline salt analytes with manufacturer designated purities of !99.0% (AT21 comparator balance, Mettler Toledo, Columbus, OH). Nominal solution concentrations of 1 mg mL À1 were prepared and gravimetrically diluted. Certain commercial products are identified in order to adequately specify the procedure; this does not imply endorsement or recommendation by NIST, nor does it imply that such products are necessarily the best available for the purpose.
Instrumentation

Mass analyzer and imaging
A 4000 QTrap MS/MS system, consisting of a hybrid triple quadrupole/linear ion trap, (Applied Biosystems/MDS Sciex, Foster City, CA/Toronto, Canada) and a 35 mm extended capillary heated interface was used in this experiment (Fig. 1) , with additional details of the instrument parameters and operation found in the literature [20, 39] . Briefly, experiments included the following system parameters: 138 kPa curtain gas (N 2 ), 83 kPa ion source gas 1 (N 2 ), 0.0 kPa ion source gas 2 (N 2 ), 100 C interface temperature, ± 10 V entrance potential, and 1.1 Â 10 À3 kPa to 1.3 Â 10 À3 kPa operating vacuum. In-source CID of various analyte adducts/clusters and organic compounds was achieved at the instrument orifice, between the curtain plate and skimmer cone (Fig. 1) . The extent of CID was manipulated through the instrument's declustering potential in the differentially pumped region. Principally, the characterization of in-source CID of inorganic explosives was conducted utilizing the first quadrupole for mass analysis and the remaining quadrupoles as ion guides. In-source CID potentials were varied from ±25 V to ±375 V for positive and negative mode experiments. Samples were interrogated across a specified m/z window for 5 s at each CID potential interval. Tandem mass spectrometry (MS/MS) product ion scans were used for the identification of various adducts/clusters and the characterization of molecular ion fragmentation. Here, a specific mass of interest was selected by the first quadrupole, fragmented by the second quadrupole, and scanned by the third quadrupole. The laser desorption/ionization source (details below) was synchronized with the instrument and data acquisition software for mass spectrometry imaging (MSI) experiments. Details of peripheral device synchronization can be found in the literature [39] . Chemical image data was collected from 5 mm Â 
Laser desorption/ionization
An atmospheric pressure matrix assisted laser desorption ionization source (AP-MALDI, MassTech, Inc., Columbia, MD) was coupled to the QTrap Triple-Quadrupole mass spectrometer and used without alteration. The system provided direct analysis of inorganic species without matrix-assisted ionization, solvent, or other sample preparation. Briefly, the LDI system included a 355 nm wavelength Ng:Yag laser, pulsed at 150 Hz, with 150 mJ pulse À1 and 3 nse5 ns duration. A ± 3000 V potential was applied to the sample substrate for all positive and negative mode experiments, respectively ( Fig. 1 ).
Support instrumentation
Supplementary bulk quantification of extracted samples was completed using ion chromatography (IC) and inductively coupled plasma (ICP)-MS. A Dionex 5000-IC system (Thermo Scientific, Bannockburn, IL) with a CS-18 cation ion exchange column was utilized. The analysis included a 25 mL injection, 30 C column temperature, 0.5 mL min À1 eluent flow rate of 7 mM methanesulfonic acid buffer in ion chromatography grade water (SigmaeAldrich), and a 35 C detector compartment with an 11 mA suppression on the total conductivity detector. A calibration curve for potassium chlorate in the range of 0 ng mL À1 to 50 ng mL À1 was created and used to quantify triplicate injections of the extractions. Similarly, the extracted samples were also quantified using an iCAP-Q ICP-MS (Thermo Scientific, Bannockburn, IL). The samples were introduced into an argon plasma at 0.4 mL min À1 via nebulization.
Again, a calibration curve ranging from 0 ng mL À1 to 50 ng mL À1 was created and used to quantify triplicate measurements of each extraction sample.
Evaluation of uncertainty
The uncertainty in quantification of unknown samples from linear least squares calibration was evaluated in accordance with standard guidelines [41, 42] . Sources of measurement uncertainty were considered from the gravimetric preparation of standard solutions and the linear least squares calibration. The uncertainty in the calibration standard concentration included components from the solute purity, balance calibration, and fluctuations in room temperature. The purity of the compounds used here was given as ! 99.0% by the manufacturer. Without additional information, a purity and uncertainty of 99.5 ± 0.5% was assumed, resulting in an expanded uncertainty (k ¼ 2) of 1.0%. The uncertainty in the tared weighing included the reproducibility (2 mg, AT21 comparator balance, Mettler Toledo), readability (1 mg), and the sensitivity/ linearity of the balance calibration function (±8 mg). These uncertainties from the balance technical specifications were used to estimate the total expanded uncertainty (k ¼ 2) as 0.33%. Standard preparation was completed in an environmentally controlled laboratory with ambient temperature of (23 ± 1) C. For the milliliter volumes considered here and assuming a coefficient of volume expansion for water of 2.1 Â 10 À4 C
À1
, the expanded uncertainty (k ¼ 2) in the volume due to temperature was 0.04%. These expanded uncertainties were combined in quadrature for a total uncertainty in the calibration curve standard concentration of 1.1%.
The uncertainty in the quantification of samples was evaluated from a linear least squares calibration curve comprised of n unweighted data points (x i , y i ) and p unknown sample measurements. Here x and y represented the standard concentration (c) and the measurement intensity (e.g., signal intensity, I). The calibration curve was given by, y ¼ mx þ b, where m and b are the slope and intercept. The standard uncertainty in the unknown concentration due to variability in the response was determined by, [41] . As demonstrated below, the uncertainty in the quantification of unknown samples due to variability in the system response outweighed the variability due to the reference standard concentrations. 
Results and discussion
Mass spectral characteristics of explosive oxidizers
Inorganic explosive oxidizers were analyzed by laser desorption/ionization mass spectrometry (LDI-MS) with in-source CID. Sample substrates were oriented orthogonal to the mass spectrometer inlet as displayed in Fig. 1 . The main oxidizers investigated here included PC, PPC, PN, AN, and CAN. Fig. 2 demonstrates the representative spectra for 1 mg PPC in positive and negative ion mode at high (þ300 V) and low (À100 V) in-source CID potential, respectively. The application of an elevated in-source CID potential led to acceleration of ion clusters and adducts, resulting in increased fragmentation. The increase in fragmentation of larger clusters and adducts enhanced the detection of elemental inorganic ions by 10-folde1000-fold (depending on the compound) for LDI-MS.
In positive mode at high in-source CID (Fig. 2a) , the mass spectrum for PPC shows elemental cations and isotopic distribu-
, and a potassium chlorine cluster (m/z 113 K 2 Cl þ ). The isotopic distribution and tandem mass spectrometry (MS/MS) of the m/z 113 peak corroborated identification ( Fig. 2a(inset) ). The chromium and iron peaks were identified in all positive mode spectra and attributed to components of the metal substrate used for parametric experiments. In negative mode at lower in-source CID (Fig. 2b) , the mass spectrum for PPC displayed major polyatomic anion peaks and isotopic distributions for perchlorate (m/z 99 ClO 4 À ) and a potassium perchlorate cluster (m/z 237 KðClO 4 Þ 2 À ), which was confirmed with an MS/MS scan at 54 V ( Fig. 2b(inset) ). The remaining inorganic oxidizers displayed similar mass spectra in positive and negative ion mode. Briefly, in high CID 
In-source CID optimization
Following an initial characterization of the main peaks observed for each inorganic oxidizer, an in-depth characterization of insource CID was completed using residues/reconstituted particles from solution deposits. In-source CID was utilized to directly control the extent of cluster and adduct formation and fragmentation. In addition, the extent of molecular anion fragmentation could be directly controlled with in-source CID. As discussed in detail elsewhere [34,44e46] , unlike the specific m/z fragmentation of MS/MS, CID impartially induces acceleration of all ions and collisions with atmospheric gas molecules in the MS inlet region. Here, each oxidizer was interrogated while varying the extent of in-source CID through the instrument declustering potential. Potentials were increased from ±25 V to ±375 V in 25 V increments for positive and negative mode experiments, respectively, collecting a mass spectrum for 5 s at each interval. T.P. Forbes, E. Sisco / Analytica Chimica Acta 892 (2015) 1e9 Fig. 3 displays the MS signal (integrated peak area), normalized by the maximum signal, for the anions of each inorganic oxidizer as a function of increasing in-source CID potential. Data points and uncertainties represent the average peak area and standard deviations for 5 to 8 replicate samples. The signal response of these polyatomic inorganic anions differed from those previous found for organic explosives and elemental cations [34] . Previous work investigating organic explosives demonstrated a nearly monotonically decreasing response as a function of in-source CID potential. However, as seen in Fig. 3 , the molecular anions, derived from salt starting materials, displayed an initial increase in signal with in-source CID, a local maximum, followed by a decrease of varying degree. In addition to variability in the rate of decrease in signal beyond the maximum, the in-source CID potential for optimal signal intensity was dependent on the analyte. These phenomena were determined to be directly related to the ionic bond strength of the starting ionic material (e.g., potassium chlorate), and the bond strength/molecular stability of the molecular anion (e.g., chlorate). In the regime of increasing signal with increasing CID potential, the stronger the ionic bond, the lower the initial signal strength (i.e., at À 25 V CID) and the higher the insource CID potential at the maximum signal. Here, the MS response trends correlated with the energy necessary to break the ionic bonds and fragment salt-anion clusters (e.g. , Fig. 2b ). As demonstrated in Fig. 3 , the overall salt bond strength, via enthalpy of formation, increased from AN (À365.6 kJ mol ). The direct visualization of these trends in Fig. 3 was convoluted by a number of factors, specifically variability in the energy threshold for breaking the salt ionic bonds among compounds and the mixture of ammonium nitrate and calcium nitrate found in CAN. For example, when comparing the responses of PN and AN, at a mid-range insource CID potential (e.g., À200 V), a larger fraction of the imparted energy went into breaking of the potassiumenitrate bond relative to the ammonium-nitrate bond. More specifically, the majority of the available energy went into breaking the potassium-nitrate ionic bond, while only a fraction was needed to break the ammoniumnitrate ionic bond and the remaining available energy went into fragmenting the nitrate anion (Fig. 3) . The enthalpy of formation, and bond strength, of the PN salt was the highest considered here and resulted in a wide local maximum and minimal fragmentation of the nitrate anion.
The anion fragmentation behavior was further investigated using tandem mass spectrometry (MS/MS) of AN, PC, and PPC. Product ion mass spectra for each anion resulted in expected fragments ( Figure S2 ). Similar to scanning the declustering potential, the collision cell voltage was scanned from 25 V to 100 V in 5 V increments collecting a product ion mass spectrum for 5 s at each interval. Using the optimal in-source CID potential found above, the MS/MS spectra were taken at À100 V, À125 V, and À150 V CID potential for AN, PC, and PPC, respectively. Similar to the results demonstrated for the molecular anions in Fig. 3, Fig. 5a displays the MS response of a few main clusters observed as a function of in-source CID. The clusters, KðClO 3 Þ 2 À , KðClO 4 Þ 2 À , and KðNO 3 Þ 2 À , confirmed the results presented in Fig. 3 , revealing higher initial signals for the weaker salts and higher insource CID potentials for maximum signal intensity. As observed in previous investigations [34] , elemental ions demonstrated the opposite response, asymptotically increasing in signal with increasing in-source CID potential (Fig. 5bed) . Fig. 5b displays the relative response of the potassium cation from PC, PPC, and PN. The elemental cations cannot be further fragmented and therefore did not demonstrate any reduction in signal above a local maximum for the range of CID potentials investigated here. However, an asymptotic approach to a maximum signal was observed. Fig. 5c displays the response for the metal fuel zinc, the chloride anion from PPC, and calcium cation from CAN, all exhibiting the expected trends for elemental ions. Additional metal fuels such as aluminum and magnesium fell outside the m/z range optimized for this investigation and were not readily detected. In-source CID provides the critical fragmentation of clusters to enhance the detection of these inorganic explosives. The trace detection of explosive device signatures may also require detection of non-explosive components. For example, radiological dispersion devices incorporate obtainable industrial radionuclides used in medical radiotherapy, sterilization, or power generation, to be dispersed by a primary explosive. In-source CID was employed in Fig. 5d Sr) in place of the radionuclide isotopes.
Inorganic oxidizer detection and chemical imaging
The framework developed above for optimization of in-source CID of both molecular and elemental inorganic components was leveraged for the detection of fuel-oxidizer mixtures using an LDI-MS instrument with in-source CID. The laser desorption ionization source was fitted with a CCD camera and on-screen display for manual interrogation of regions of interest (ROIs) and individual particles. Fig. 6 displays an image and mass spectrum associated with the direct examination of a particle and residue area spiked on a latent fingerprint. For demonstration purposes, potassium perchlorate crystals were crushed and dry transferred onto a deposited latent fingerprint on a nickel chromium substrate. The ROIs identified in Fig. 6a were analyzed using both automated meandering (serpentine) scans at 10 mm min À1 and direct manual interrogation of the particle (Fig. 6b) . Distinct peaks corresponding to chlorate (m/z 83), perchlorate (m/z 99), and the previously identified potassium perchlorate cluster (m/z 237 KðClO 4 Þ 2 À ) were observed. Given preexisting knowledge of the inorganic oxidizer, the optimal in-source CID potential (À150 V) was utilized for the detection of potassium perchlorate. However, for unknown samples, rapid scans through CID potentials within the transition from crystal fragmentation to anion fragmentation, demonstrated in Fig. 3 , would cover the optimal parameter value for a range of oxidizers. This mode of specific user defined interrogation may be applied to the detection of other explosive particles (organic: nitramines, nitroaromatics, nitrate esters, peroxides, etc.), radionuclide particles, and gunshot residues/particles from fingerprints and forensic tape pulls. In addition, for bulk detection and avenues toward quantification of specific analytes dry transferred onto fingerprints, the latent fingerprint containing potassium perchlorate particles/residues was extracted from the substrate surface in 200 mL of water. The print extract was then deposited in 1 mL aliquots and allowed to dry before direct analysis by LDI-MS. Fig. 6c displays the mass spectrum for a 45 s scan of the extracted aliquot deposit, clearly displaying the chlorate and perchlorate peaks previously identified. Additional peaks likely associated with the fingerprint material and other contaminants were also observed. The extraction process also provided sufficient dissolution of the potassium perchlorate crystals to significantly reduce the intensity of the cluster at m/z 237 (KðClO 4 Þ 2 À ) and introduce a potassium-chlorate-perchlorate cluster at m/z 221 ðKðClO 3 ÞðClO 4 Þ À Þ, previously not observed (Fig. 6c) .
Next, we investigated the bulk quantification capabilities for the analysis of inorganic explosive containing residues using LDI-MS and in-source CID. For this analysis trace residues were collected on adhesive sheets during the synthesis of homemade potassium chlorate and icing sugar materials for a simulated fuel-oxidizer mixture device. The three samples, labeled A, B, and C, were extracted and calibration curves were prepared as described above. For LDI-MS,1 mL aliquots were deposited onto sample plates and the solvent allowed to evaporate under ambient conditions. The calibration curve consisted of samples in the range of 0 ng mL À1 to 50 ng mL
À1
. Each sample was interrogated by the laser for 15 s and mass spectral data was collected and summed. In-source CID potentials of þ350 V and À125 V were used for the quantification and calibration curves of the elemental potassium cation and molecular chlorate anion. The calibration curves for potassium and chlorate were linear in the range of 0 ng mL À1 to 25 ng mL À1 and 0 ng mL À1 to 50 ng mL
, respectively ( Figure S3 ). The calibration curves were utilized for quantification of extracted samples, as well as to approximate the limits of detection (LOD) for the LDI-MS system. The LOD was defined as the deposited mass generating an analyte-specific peak that resulted in a signal-to-noise ratio of 3:1. From potassium chlorate, the LODs measured for the potassium cation ( Figure S3a The three unknown samples (A-C) were then each measured in triplicate and the results listed in Table 1 . The standard uncertainty from the linear least squares calibration was evaluated as described in the Methods section. The potassium signal for sample A was measured above the linear region of the calibration curve and excluded. For confirmation, the potassium cation from the 2 mL extracted solutions was also analyzed using ICP-MS and IC. As shown in Table 1 , the LDI-MS quantification between the potassium cation and chlorate anion were comparable to each other, as well as consistent with the potassium cation measurements across the alternative techniques. However, due to the nature of the measurement, the uncertainty in the LDI-MS system response was greater than the other techniques. The ICP-MS and IC measurements directly analyzed the relatively homogenous extracted solutions. Replicate measurements by these methods were in essence taken on the same sample. On the contrary, LDI-MS relied on the deposition of solution phase aliquots and analysis of the solid phase remaining after solution evaporation. This significant difference in the manner of sample preparation can result in non-uniform surface concentrations and thicknesses, which in turn affect the actual amount of material interrogated. These aspects may have led to the large uncertainties in the calibration curve and bulk quantification measurements by LDI-MS. This method was clearly inadequate for quantification for masses near the limit of detection (e.g., sample C). In spite of this potential shortcoming, the direct analysis of particles has the potential to provide additional information, specifically, molecular speciation of individual particles, beyond the bulk extraction and analysis of analyte distributions. Similarly, mass spectrometry imaging (MSI) of the spatial distribution of particles and chemical distributions of analytes on a surface or within a complex matrix might provide complementary forensic information.
Similar to the method above, the LDI-MS system was utilized for the chemical imaging of organic and molecular inorganic compounds from a latent fingerprint. Again, particles of potassium perchlorate or calcium ammonium nitrate were dry transferred onto latent fingerprints on a nickel/chromium substrate and imaged without sample preparation, pretreatment, or the use of matrix. Prints were imaged in 100 mm Â 100 mm pixels across in- . The lotion component, behentrimonium, was imaged in positive mode and detectable at a relatively wide range of in-source CID potentials (Fig. 7a) . The potassium component of the PPC particles was unsuccessfully resolved in positive mode at high in-source CID due to interference with potassium from the latent fingerprint as well as the underlying substrate surface. The elemental potassium cation distribution was dominated by the machining marks left on the sample substrate surface (image not shown). The perchlorate (Fig. 7b ) and potassium perchlorate cluster (Fig. 7c) distributions were clearly resolved in negative mode MS at low in-source CID (À150 V) and demonstrated colocalization (Fig. 7d) , further substantiating the identification of the m/z 237 cluster. Fig. 7e and f displays a surface map of the lotion component and the corresponding intensity line scan across a series of print ridges, respectively. The technique demonstrated spatial resolution on the order of 100's mm, sufficient for an overall characterization of the analyte distributions, yet insufficient for differentiating much smaller micron size particles or tertiary ridge detail. Alternative high resolution laser desorption [47] and time-of-flight secondary ion mass spectrometry (ToF-SIMS) [48] systems can provide the sub-micrometer spatial resolution necessary for particles sizing and pore imaging.
The chemical distribution imaging of another oxidizer, calcium ammonium nitrate, successfully identified the calcium cation (m/z 40 Ca þ ), the nitrate anion (m/z 62 NO 3 À ), and a calcium nitrate cluster at m/z 226 CaðNO 3 Þ 3 À ( Figure S4 ). The ROI was interrogated twice, first at high in-source CID (þ300 V) in positive mode for the chemical distribution of the elemental calcium cation, and then at low in-source CID (À100 V) in negative mode for the distributions of nitrate and the calcium nitrate cluster. The nitrate and calcium nitrate cluster collocated demonstrating the particle/residue distribution ( Figure S4b) . However, the calcium cation and nitrate chemical images demonstrated the same general distributions, but Table 1 Mass of potassium chlorate detected from samples AeC. Calculated masses based on measurements of the potassium cation and chlorate anion using LDI-MS, ICP-MS, and IC. Standard uncertainties in the quantification of unknowns due to variability in the system response from linear least squares calibration were evaluated as described in the Methods section (k ¼ 1).
LDI-MS e 34.5 ± 6.9 9.0 ± 2.9 8.1 ± 6.8 2.4 ± 2.6 1.7 ± 6.9 ICP-MS 36.5 ± 0. were not as precisely collocated ( Figure S4a ). In some instances the calcium cation image displayed a much smaller size distribution of individual particles as compared to the nitrate distributions. These artifacts may be due to a number of artifacts, including nonuniform distributions of calcium nitrate and ammonium nitrate, slight variability in the two consecutive scans, variability in the initial particle shape and the post-scan particle shape (the first scan interrogated and ablated the apex of a particle, while the second scan experienced a wider mid-section of the particle), variability in the particle/residue distribution at different sample depths, or nitrate dissolution into the eccrine component of the fingerprint. The LDI-MS system enabled direct control over the laser power and pulse frequency, providing a potential means for investigating the applicability of depth profiling with this technique.
Conclusions
The analysis and detection of explosive device signatures from a transient collection of homemade and improvised explosives and devices remains a clear area of interest. Inorganic compounds including fuel-oxidizer and self-initiating mixtures, azides, and radionuclides, play a critical role in an assembly of HMEs and IED components. Here, we presented the coupling of in-source collision induced dissociation (CID) with atmospheric pressure laser desorption/ionization mass spectrometry (LDI-MS) for the detection, bulk quantification, and chemical imaging of fuel-oxidizer mixture signatures. In-source CID enhanced detection of elemental inorganic ions by 10-fold to 1000-fold through the fragmentation of larger adducts and clusters, as well as through the reduction in organic chemical noise. Similarly, in-source CID was utilized to identify the optimal CID potential, providing 10-fold to 100-fold increase in signal, for the detection of oxidizer polyatomic anion components, specifically, nitrates, chlorates, and perchlorates. This optimization was identified at the transition between energetically breaking the ionic salt bonds and fragmenting the molecular anion. The optimized detection of elemental and molecular inorganic ions enabled the detection of inorganic explosive components at nanogram levels. The developed framework was leveraged for their detection from a complex matrix, the bulk quantification of realistic samples collected during explosive synthesis, and chemical imaging of oxidizer particles from latent fingerprints. The use of LDI-MS for quantification demonstrated inherently large uncertainty in the system response. Future work will explore the use of inkjet printing for the controlled deposition of calibration standards and the incorporation of an internal standard. Precision drop-on-demand inkjet printing has the potential to provide micron-scale uniform sample deposits for linear least squares calibration and quantification. In addition, the LDI-MS system enabled direct control over the laser power and pulse frequency, providing a potential means for investigating high density inorganic particles for environmental monitoring, radionuclide isotopic ratio analysis, and biological tissue imaging. Future work will also aim to explore these opportunities.
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